The experimental study of air movement induced by natural ventilation in greenhouses requires a system to measure the air velocity "eld. A networked, two-dimensional sonic anemometer system was developed for simultaneous measurement of the instantaneous air speed and direction at 12 locations. The system performance was tested and validated against a mass #ow controller and a commercial, three-dimensional, ultrasonic anemometer. The sonic anemometer system was then tested in greenhouse conditions. It showed that the high resolution, stability, proper frequency response and low cost of the system were well adapted for the study of the air velocity "eld in greenhouses. 
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Notation
A section area of a tube, m c speed of sound in air, m/s k conversion factor of the gas from CO to Aŗ distance between two transducers of a sonic anemometer, m Q volumetric #ow rate, m/s t #ight time of sound pulse in still air, s t #ight time of sound pulse in a given direction, s t #ight time of sound pulse in the opposite direction, s ¹ Q air temperature, K u air speed in x direction for the commercial sonic anemometer, m/s ; air speed in xy plane, m/s ; C external wind speed, m/s air speed in y direction for the commercial sonic anemometer, m/s < air speed measured by the networked sonic anemometer, m/s < V air speed in x direction for the networked sonic anemometer, m/s < W air speed in y direction for the networked sonic anemometer, m/s delay time, s wind direction in xy plane, 3
Subscripts c commercial sonic anemometer or calculation m measurement o networked sonic anemometer ix velocity component in x direction for the anemometer number i iy velocity component in y direction for the anemometer number i
Introduction
Experimental study of air movement in real greenhouses is the ultimate test to clearly de"ne the air circulation. Several techniques have already been developed, such as mechanical, hot-wire and laser anemometry. Since the mechanical anemometers have de"ciencies such as starting threshold, time lag and imperfect directional Article No. jaer.1998.0403 , available online at http://www.idealibrary.com on responses, the hot-wire anemometer is too #imsy and laser one is too expensive, their use is very limited.
1
However, these problems are overcome by the use of a sonic anemometer which is generally regarded now as one of the best devices for the measurement of air movement in large enclosures like greenhouses 2,3 and livestock buildings.
4
The sonic anemometer was developed primarily to measure surface layer wind and temperature turbulence.
5,6
It was also applied to study the boundary-layer meteorology.
7,8 Coppin and Taylor 9 constructed a threedimensional (3-D) sonic anemometer with a new type of transducer. More recently commercial ultrasonic anemometers were used to measure the air pattern in greenhouses 2,3,10 and livestock buildings 4 by moving them from place to place. However, air#ow variation in space and time is usually found in greenhouses under natural ventilation, and the air#ow pattern in the entire greenhouse is a!ected by the unstable external wind conditions and the modi"cation of the opening angle of the ventilators. In order to have a general picture of air movement through the whole greenhouse, a &&system'' was required to measure simultaneously the air#ow both in magnitude and direction at a number of locations. However, it is di$cult to distribute a series of commercial sonic anemometers in the greenouse because they are too expensive.
The objective of this study was to develop a networked sonic anemometer system for simultaneous measurement of air velocity "elds. The cost of the system had to be substantially decreased but the resolution, stability and frequency response of the commercial device should not be altered signi"cantly. As this system was designed to measure the air movement in a large greenhouse, a set of 12 two-dimensional (2-D) sonic anemometers was chosen to map the air circulation in the horizontal plane. This choice is due to the fact that the air velocity in the horizontal plane predominates over that in the vertical plane because the length and width of the greenhouse are much larger than its height.
3 Furthermore, it was necessary to design a modular and #exible system so that it can be easily used to investigate the air velocity "eld in both the horizontal plane and the vertical plane of the greenhouse.
Materials and methods
Principle of the sonic anemometer
It is well known that the speed of sound is increased if the air is moving in the same direction as the sound. The basic principle of the sonic anemometer is the measurement of the time of #ight of an ultrasound pulse between two transducers. This pair of transducers act alternately as transmitters and receivers, exchanging high-frequency ultrasound pulses between themselves. The times of #ight in each direction t and t , are measured. If c is the speed of sound in air,¸is the distance between the transducers and there is an air#ow of velocity along the line of the transducers, the following relationship is readily derived:
By combining Eqns (1) and (2) and solving for , the following equation is obtained:
Structure of the instrument
In this experiment, a path length of 0)60 m was chosen since the low-frequency response (about 3 Hz) was adequate for the purpose. The instrument was of a proper dimension so that it could be installed readily in the greenhouse with minimal distortion to the #ow "eld by the instrument mounting.
The sonic anemometer used a piezoelectric oscillator (ma40ur, Murata). These transducers were 20 mm long with a body diameter of 12 mm. They emitted a 40 kHz sound pulse with a 12 V driving voltage.
The transducers were mounted 10 cm above each end of a horizontal aluminium square tube with a crosssectional area of 15;15 mm. Two such uni-directional mountings were combined in a perpendicular cross in order to provide, by their coupled operation, a 2-D anemometer. This 2-D sonic anemometer could be easily separated into two parallel uni-directional units for measurements and for inter-calibration.
Operational methods
The travel times along the path length were the basic measurements leading to the determination of air velocity. For simplicity, a single pair of transducers for each of the two wind axes were used in the networked sonic anemometer. It should also be noted that the time inversion method in Eqn (3) gave an absolute calibration because the measured air velocity was a function of the distance between the transducers only.
The sound pulse emitted by the transducers was monitored by a micro-controller which set the direction of sound travel (x or y), and which sent a &&go'' signal to the logic control circuits, and then to the switch and pulse circuits. The cycling of the two axial wind measurements allowed common use of the same switch and pulse, logic control, detector and counter circuits. The sound pulse travelled "rst in one direction and then in the other between the two transducers in the x-axis followed by the y-axis. At the same time, the switch and pulse circuits reset and started a 20-bit (18 MHz) counter (Fig. 1) . The ampli"ed signal received from the emitting transducers was checked by the detector. The second major negativegoing zero after the detected level was used to stop the counter (Fig. 2) . The di!erence of the inverse travel times in opposite directions was obtained for each axis and the micro-controller averaged 10 readings to improve the resolution. The time interval between emitting one pulse and another was about 8)75 ms. A set of two axes and two-directional wind readings was therefore available after 35 ms. The average of 10 wind readings per result yielded an output frequency of 2)857 Hz. If needed, the frequency response can be improved by a shorter path length, software changes in the erasable, programmable, read only memory (EPROM) and new transducers. The whole process of the measurements was controlled by a program stored in an EPROM and the required data were temporarily stored in a 32 k byte random access memory (RAM). The "nal results were transferred to a personal computer for display through its serial port RS232.
Validation of the system
Inter-comparison of the uni-directional anemometers
Initial tests were performed in the laboratory in order to check each of the two axes of the sonic anemometer. The two uni-directional mountings were arranged in parallel and measurements of wind speed along their common direction were performed. An example of linear regression of the wind speeds from anemometer number 1 < V against < W is shown in Fig. 3 . It shows a remarkable correlation of the velocity measurements of the two uni-directional mountings of sonic anemometer number 1 (R"0)96 with a 0)04 m/s standard deviation). The values of the coe$cient of determination R and standard deviations S B in m/s resulting from all the 12 instruments are presented in Table 1 . Note the high values of the coe$cient of determination (R*0)96) except for sonic anemometer number 3 due to an imperfect pulse shape of its transducers. The small discrepancies were observed because the two measurements were not performed strictly at the same place in the #ow and because the juxtaposition of the two parallel devices enhanced the #ow perturbation.
Comparison with a mass -ow controller
On the basis of the above experimental comparisons, a further test was performed in the laboratory with a high precision and fast response mass #ow controller (Model: 5850E, Brooks instrument B. V., Holland). The test system is shown in Fig. 4 . The two sonic transducers (s1 and s2) were mounted at the end of a tube to avoid any disturbance of the uniform air #ow supplied by an argon (Ar) gas tank. It was monitored by the mass #ow controller whose precision was certi"ed to be better than 0)8% of the maximum #ow rate (equivalent to 0)02 m/s) for CO . The test space sampled by the networked sonic anemometer, being di!erent from that where the gas actually moved in the tube, was taken into account. The air velocity calculated from the mass #ow controller was expressed as follows:
where < A is the calculated air velocity in m/s, Q is the #ow rate in m/s, A is the section area of the tube in m, and k is a conversion factor. The #ow rate of the instrument was calibrated with CO and corrected for use with Ar gas in the experiment by the conversion factor of 1)892 from CO to Ar in the calibration certi"cate. Figure 5 shows that the relation between the measured air velocity < K by the networked sonic anemometer and the calculated air velocity < A from the mass #ow controller was linear and the R reached about 0)99 with a 0)01 m/s standard deviation. The magnitudes of air velocity ranged from 0 to 1)9 m/s. The limited range was imposed by the mass #ow controller.
Comparison with a commercial sonic anemometer
In order to further check the reliability of the measured wind velocity, the networked sonic anemometer was compared with a commercial ultrasonic anemometer (Model: 1010-K-055, GILL SOLENT) with an accuracy of $3% of the actual measurement (i.e. 0)03 m/s for a 1 m/s and 0)30 m/s for a 10 m/s measurement) and $23 for the instantaneous wind speed and direction, respectively. The two parallel uni-directional mountings were "rst installed in a laboratory in Gembloux and were tested against the commercial sonic anemometer (Fig. 6) with the two axes of the experimental prototype instrument, placed parallel to the u component of the commercial one. Since the measurement frequency (21 Hz) of the latter was di!erent from the prototype (3 Hz), the synchronization of the two systems was important. The solution was found in the way that the starting time was sent and controlled by the commercial sonic anemometer, while the stop was sent by the networked system after it averaged a series of 10 samples. The comparison of the measurements from the two uni-directional anemometer is shown in Fig. 7 . Generally, the results show a good agreement (R"0)95) with a 0)10 m/s standard deviation, but a systematic underestimation of the networked anemometers can be observed by comparison with the commercial instrument. This may be due to the test volume and sample frequency for the networked anemometer being larger than those for the commercial instrument, and to the disturbances of the #ow created by the commercial sonic anemometer inside the test volume of the networked instrument. A comparison between the commercial sonic anemometer and the 2-D networked instrument was also made in outdoor conditions for both wind speed and direction. The devices were arranged as shown in Fig. 8 and located on the #at roof of the laboratory for exposure to highly variable wind conditions. The projected horizontal wind vector speci"ed by its magnitude ; in m/s and direction in degrees (03 is the direction of the north, the angle was counted positively in an easterly direction and negatively in a westerly direction) was calculated from the two horizontal components (u and for the commercial instrument, < V and < W for the networked instrument) as follows:
where the subscripts c and o denote the commercial and networked anemometers, respectively. The results (Fig. 9) show a reasonable agreement between the two systems for both wind speed (R"0)86) and direction (R"0)81) with a 0)24 m/s and 73 standard deviation under outdoor wind conditions. The di!erences between the networked anemometer and the (u, v, velocity components commercial instrument were increased because the external wind speed was more variable than the internal air velocity; and the error for the two components were combined together in the computation of wind speed and direction. The general discrepancy was again the underestimation based on the regression slopes (0)921 and 0)876) both for wind speed and direction. This underestimation was also caused by the di!erent measurement volumes and sample frequencies. The intercept was of minor importance here, since 95% of the wind speed was larger than 0)5 m/s during the experiment.
Fig. 8. Installation scheme of the two anemometers for comparison of wind speed and direction
Application to mapping greenhouse air movement
The air movement tests were performed in an experimental greenhouse located in Rumbeke, Belgium (latitude 50)53N), about 40 km from the sea coast. It was bordered on the north side and the east side by other greenhouses. It consists of 12 spans with an eaves height of 2)85 m and a ridge height of 3)75 m. The total length and width are 45 and 38.4 m, respectively. The ventilators are distributed on the roof, alternately on the north and south slopes of each span. They are 1)60 m long and 0)73 m wide with an aspect ratio of 2)19. Their opening was controlled by a manual control system. The 2-D sonic anemometers were distributed at 12 locations in the greenhouse at a height of 0)4 m above the ground (Fig. 10) . Such a system of twelve 2-D sonic anemometers is chosen according to the construction cost and the actual needs of this study. This arrangement met the requirements because it can measure the air velocity down to 0)03 m/s, the distance between two sonic anemometers can reach 10 m and the recording period of 5 min remains acceptable. The technique made it possible to realize the synchronization of the whole system (see Appendix). The x-and y-axis of each 2-D sonic anemometer were mounted parallel and perpendicular to the greenhouse ridge, respectively. The external wind speed ; C and direction were measured by a cup anemometer and a wind vane at a height of 6 m. The opening angle of the ventilators was monitored by a potentiometer.
During the measurements, the greenhouse was empty and not heated, and only leeside (south) windows were open at 203. The average external wind speed and direction were 3)87 m/s and 1213 (clockwise with 03 in the north direction) with a 0)60 m/s and 113 standard deviation. The frequency distributions of air#ow direction in the horizontal plane were made visible by a polar velocity diagram at each location (Fig. 11) : for each measurement, the air speed was calculated and its direction was allocated to 103 intervals from 0 to 3603. These values were plotted at the angle representing the interval midpoints. Their extremities were then connected by a line to form the polar graph. The complex data could be then presented in the form of polar graphs which are simple to interpret visually whilst conforming in detail with each experimental reading. The "eld testing under variable wind and temperature conditions showed that the networked anemometers worked stably and reliably. Further scienti"c study on the air#ow pattern induced by natural ventilation is being performed in large-scale greenhouses using this networked sonic anemometer system.
Conclusions
A networked two-dimensional sonic anemometer system was developed to measure the air movement in terms of both magnitude and direction, simultaneously at 12 di!erent places up to 10 m away from each other.
It was calibrated for air speed and direction, and validated against a mass #ow controller and a commercial sonic anemometer. The construction of the networked sonic anemometer system included the central control unit (micro-controller, counter and memory), the four transducers as well as the associated components (box, power supply and cables) for each measurement unit. The results show that despite its low cost, the system was capable of high precision, stability and proper frequency response. The system has been successfully applied to investigate greenhouse air movement. It can also be used for the measurement of air movement in animal houses and buildings. The frequency response of 3 Hz for the current system is acceptable for these experimental purposes. Appendix: Technical details of the system After construction, the sound wave shape, the reset time and the detecting level were to be precisely determined and adjusted. Technical details such as determination of the delay time, direct power supply for the system and synchronization of the 12 two-dimensional (2-D) sonic anemometers needed further discussion in explaining the design of the networked sonic anemometer system.
Determination of delay time
The delay time is an electronic delay between the transducers and the detectors. It was important to determine the delay time of each sonic anemometer because it a!ected the measurements of the air velocity. The value of delay time for each sonic anemometer was slightly di!erent and was invariant with time. As it was added to the travel time for both axes, an error would be caused systematically. Therefore, it was necessary to determine the delay time and subtract it from the travel times for both directions in the program before calculating the inverse of travel times.
The estimation of the speed of sound in air is useful in calculating the air temperature with a fast response. The relationship by Kaimal and Businger 5 is commonly applied
where ¹ Q is the air temperature in K, which can be measured by a fast response thermometer,¸is the distance between two transducers of the sonic anemometer in m, t and t are the #ights of time of the sound pulse in two opposite directions in s, and is the delay time in s. If the air is still (air velocity "0 and t "t "t), the delay time can be derived as
where t is the measured #ight time in s of a sound pulse between two transducers when there is no air movement. The calculated values of delay time of each sonic anemometer are shown in Table A .1. It should be pointed out that these values were calculated after adjusting all other technical details and remained constant during all the measurements.
Direct power supply
Since the sonic anemometer system was distributed at many di!erent positions in a large greenhouse, it was necessary that cables as long as 20 m were used for communication and power supply to all the separated 2-D anemometers. Such a long cable was associated with a voltage loss of about 0)5 V DC which was signi"cant in comparison with the working voltage (5 V) of the digital transistor}transistor logic (TTL) electronic elements. This kind of electronic element may accept voltage variations as large as $10% of the range. That was why four DC power supplies were used for the whole system (Fig. 10) . Each one supported three 2-D sonic anemometers and in this speci"c arrangement the power supply was put near the middle anemometer by a short cable. The output voltage of the power supply was increased to 5)3 V DC so as to have about 4)8 V DC for the most distant anemometers.
Synchronization
It was very important that the measurements by the twelve 2-D sonic anemometers were performed simultaneously because of the variable external climatic conditions. All the 2-D sonic anemometers were interconnected by the RS485 interface in the semi-duplex mode through an 8-conductor shielded digital bus cable. In the sampling phase, each sonic anemometer was waiting for a synchronizing pulse from the central personal computer (PC) every 5 s. The program in the erasable, programmable, read only memory (EPROM) averaged 10 readings to improve resolution and produced a result of two velocity components. Each result was stored in their own random access memory (RAM) at the same time during the measurement period (e.g. 5 min). When the required period was completed, the PC sent an interrupt to each sonic anemometer to change the sampling mode into the dumping one. Then the PC sent a di!erent signal to each sonic anemometer and the stored data were transferred one by one in turn from their RAM to the PC. It took about 2 min to dump all the 5 min data from the twelve 2-D anemometers. Before the next cycle began, the PC sent a signal to clean the bu!er of each sonic anemometer. The measurement period of the sonic anemometer system always started in phase with that of the general measuring system in which the temperatures, the external wind speed, the opening angle and the other parameters were averaged and recorded every 5 min.
